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BI ALL ISTIC RESEARCH LABORATORIES

""6ORAIN rJ1POW N. 929

XTmoecder/mlu•'Aberdeen Proving Ground,, Md.

Septeiber 1955

THE AERODYNAMIC FROPWras OF W 105-= I SEL,L, X11 IN SSONIC

I'D TRAMONIC FLIU

ABSTRACT

The a•rodynamic properties of the 105mm ER shell, 1, at subsonic

ind transonic speeds are presented and di cussed. These properties were

dterined by full scale tests in the 'ra--onic Spark Range. Particular

attention is given to non-linearities with yaw of some of the aerodynamic

coefficients of this shell and to the dynamic stability of the shell as a

function of beh number and yaw. The results show that the effect of

these non-linearities is to compel tbi shell to travel at constant yaw

of about three degrees for subsonic vdlocities. CoMparison wvth long

range, time-of-flight firings neither verified nor ,refuted thV pre-.

dictiqn.
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I. lnm1OwmUON

Recently the Exterior Ballistics Laboratory was, engaged in an investi-

gation of the aerodynamic characteristics of two developmental shell: the

110MM T194 and its modifications* and a 4.9 caliber long, square based
shell. ( v") T4 • fomud that these shell exhibited dynamic instability in

a narrow band of Mach numbers near the speed of sound. Since these shell,

except for being slightly longer than ordinary, had conventional configq-

rations, the question naturally arose v1r•ether some of the standard, well-

known shell exhibited this feature alsop. Hence, the 105=m Howitzer shell,

HE, 14), (which is somewhat similar to these developmental shell)-was se-

lected for a program of firings at tra'sninic and subsonic velocities

through the Transonic Rage . This report conte*•=s the results of those

firings.

The 105mm shell, BE, M4, is approximately 4.7 calibers in oveia

length; it has a 0.5 caliber, 90 conical boattaji. (ApVendlUx-). Prelbii-

nary firings shoved that "normal" yaws acquired in t$e leanching of this
shell were unsatisfactorily small for study of its aerodynamic character-
istics. To increase the yaw, the shell's bourrelet diameter\,was undercut
by .030 inches. Forty-twoý,undercut rounds, covering a Mach number range

from 0.48 to 1.22, were fired for this program through the Transonic Range
from a, lQ5mm Howitzer tube (1/20 twist) mounted on an M7 motor carriage.

Investigation of the data from these 42 rounds, showed variations of

the yaw damping rates with yaw. In particular, at subsonic velocities, the

shell appeared to be dynamically unstable at small, yaws 6md stable at yaw
larger tV .1n about three degrees. Hence, eleven additional rounds were

fired subsonicslly without undercutting to verify whether these observed

variations for the undercut shell would hold true for the unmodified shell.

Heceasaxily, the yawing motion, of these eleven rounds were relatively

small.

The observed variations with yaw of the dynam?'ý cvefficients for the

42 undercut shell did hold true for the unmodified shell. However, com-

parlson of the KM Values between the undercut and unmodified shell revealed.

SUnpublished data
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sizable differences.. Further investigation shoved that these differences

were not due to undercutting per se. Unfortunartely two different fuzes

(1473 and M51A5) vrere used for this program, and it is not known which

round had which fuze. However, the 42 undercut rounds appear to have h9A

the M51A5 fuMz whereas most of the eleven undified rounds appear to have

had the KT3 fuze.

Table I has the physical measurements of sample shell. Part A his

the data used in handling the 42 undercut rounds; pa•t B, the eleven unmodi-

fied rounds. Parts C and D, respectively, are recent measurements of shell
with M73 and M51A5 fuzes. In particular, the vdriation of the transverse

momeut of inertia between both types and the shift in center of mass posi-

tion accounts for the observed scatter in the KM data.

oreover, the aerodynamic coefficients for the undercut rounds were

computed using the undercut diameter (4.095 inches) instead of the unmodi-

fied diameter (4.126 Inches). Consequently, the coefficients for the

undercut shell are, slightly lrger than the coefficients for the ,umodified

shell.

II. DATA

The reduction of firing data to extract aerodynamic information is des-

cribed fully in Reference 4. The final output of this process is the aero-

dymanic coefficients of forces and moments as functions of Mach number and

yaw. The yaw level of each round is conveniently expressed as mean squared

yaw over the observed trajectory.

In this prograem the precessional and nutational arms were about the

same size at mid-range.., Since the quality of the data depends on the number
of stations of observation and the level of yaw (relative to the error in

yaw measurement), the following criteria have been used in retaining the

data:

8



Quantity Criteria No. of Rds. Wh±ih Satisfy Criteria

Undercut Unmodifled

'K N 7/ 5 412 11

s, tKi .-008 6 6

(B2 ) )ý-04 ft 20 5
L

CPN satisfactory KL and KM 20 5

1-7.013 32 5

a satisfactory'KL, KH and KT 20 5

N 3.13 for all rounds except N No. 1960 for wiich only KD is tabulated.

A.D Coefficient

Graph 1 plots 1% vs M. Since there appeared to be little o;ý no
0

variation of with Mach number between M = .48 and M = .85, a ieast
0

squares fit of the equation:

"D=KD +KD-• 82, where 8 is in square radians, for the

rounds fired in this subsonic interval, resulted in:

X = .0477 + o0005
0 !

KD•2 =2.4 _+ .2

Above N = 1.1, KD- appeared to be about 4..3o ,)

It can be seen in Graph 1 that the unxm•&tfied rounds apparently

h1ve lower D values subsonically. Nowever, as explained in the
0

J.

Introduction, this is due to using 11fferent diameters in computation.

The diameter for the undercut shell was 4.095 inches; for the unmodi-

fied shell, 4.126 inches.

9



•. Lift and Overturnig Moment Coefficients

% vs M is given in Graph 2 andK v M L Gr.ph 3. The KL vs W
curve peaks sharply at around M = 1. To facilitate the conostjuctona of

this curve in the transonic region, a special swerve reduction, which

allows KL to vary with M, producing a d&idM value, was used for rounds

fired at transonic velocities. The KL values obtained for these rounds

by this special swerve reduction did not change significantly from those

values previously obtained by the usual constant coefficient swerve re-

ductions However, the slope parameters were an aid in constructing

the variation of KL with M in the transonic region.

Table I shows that the shell with the M73 fuze has a 4%11 larger trans-

verse moment of inertia than has the shell with the M51A5 fuze. Conse-

quently, if a shell with an M51A5 fuze were fired and had its K, value

computed by using measurements taken of a o-heiLl with a M7.3 fuze, the

difference between the transverse moments of inertia of the two types,

would result in an observed K) value 4% greater than its actlual KMl value.

In addition, the c.m. position of the shell with the M73 fuze is about

.02 caliber forward of the c.m. position of the shell with the M5IA5 fuze.

Since the distance between the center of pressure of the normal force and

the center of mass is on the order of 2 calibers, the farther rearward

c.m. position of the shell with the M51A5 fuze results in a 1% larger K,

value for that shell. Therefore, it would seem that the higher KM values

of the unmodified shell can be primarily attributed to the above differ-

ences.

CP vs M is plotted in Graph 4. The most forward position of CPF
Occurs at M = .9. T�hIs posLtio, is approximately at the nose of the

shell.

. Y~aw •PI Rates

SThe lnearized theory'y/ of yawing motion was used in the reduction

of the firings in this program. This theory postulates that for small

yaws the aerodynamic coefficients KM, KL, XR, and K. are constant with

yaw and with Mach number over the length of trajectories involved in

i0
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measure~ient. In the analysis of the data in this program it became evi-

dent that the dynamic coefficients K. and KT and, consequently, the damping

rates X1 and X2 had, a marked dependence on yaw even though the yaws ob-

tained were small. Hence, the values obtained for these "coefficiento by

a red.uction based on a linearized theory of yawing motion cannot strictly

be considered as the actual values of the aerodynamic coefficients. Buti

the variations with yaw of these dynamic coefficients can be observed

between rounds of different yaw levels. Graphs 5 through 11 are so drawn

as to enable the reader to observe these variations.
For subsonic velocities, Graph 5 plots Xi and X2 vs mean squared yaw,

B , since no variation of I and X2 with Mach number was apparent in the

region ..48 • M /. 81. Graph 5 offers evidence that for small mean yaws the

precessional yaw vector will grow.

With the aid of Graph 5, Graphs 6 and 7 plot 1l and '2' respectively,

vs Mach number for different mean squared yaw levels. In the transonici,,"

region the damping rates vary markedly with Mach number as well a with'

yaw. Since it was impossible to separate the dependence of the damping

rates on yaw in the transonic region from their dependence on Mach

number, the extensions of the subsonic yaw levels into the transonic

region can be offered only as mere indications of possible trends.

D. RaM Moment Coefficient

rFrom Graph 5 it can be seen that, when B 73 square degrees, the sum

of the two curves' i.e., (X +X2) vs 8 , is a horizontal line with

(XI + x2) .- 5 x 10-3 (ft)l.' Now, ICE is computed as a function of

(XI + %2)ý and KL . But, XL did not appear to v~ry with yaw subsonically.

Eence, ICE does not vary with yaw subsonicaally when 5 >3 square degrees

as uan be seen in the 7 vs M curve plotted in Graph 8 ,r 52/• sr-re

degrees, the shell has a relatively larger K,']subsonicA

In the transonic region, K. varies both with Mach,/number and with

yaw, smaller yaw producing a relatively larger K.

-M



tieylr er X. FrM>.9,ITineaveand apears tdendprima-

F. Dyamc Stabilit

From Table 3 it can be seen that the gyroscopic stability factor,. s,

of the shell ranges from 2 to 3. The shell is amply stable gyroscopically.

The dynamic stability factor, ,*of the shell is plotted vs Mach nUMbei

for different mean squared yaw levels in Graph 11. For tiansonic, and

supersonic velocities the shell is dynamically stable for all levels "of

yaw measured. In subsonic flight, howfever, it was seen that the shell is

dzynanically unstable (increasing pre4,essional yaw) for very small yams.

From Graph 11 it can be seen that i is neg~ative for subsonic Mach numbers

and for an angle of yaw less than somý critical angle of about three de-

grees. Hence., not only is the shell dynamically unstabl.e subsonically for

yaw-less three degrees, but, iiparting greater spin will: not remedy this

situation.

inI. CONCLUJSIONS

Investigation into the aerodynamic ,characteristics of certain shell

(mentioned in the Tfoution) edtothe firing of the program in this

report in order to discover whether the M.l shell, in spite of its overall

eatitsfactory behavior,, might exchibit dynamic instability at certain spe eds.

'The results show that the shell is dynamically unst~able subsonically at

smnall- yaws. This instability arises from fsfri*Y large wositive values ofI

A~he Magnus =ment coefficient. Howe-ver, the shell recovers its dynamic

stability at yaws greater Wh= three degrees; hence., the ove37,&ll behawior

of 'the shell is satisfactory.

s(.KO or 'g;;2 implies that the shell is dynamically unstable and cannot
be stabilized by resorting to higher spins (Reference 2).

12



The findings seem to indicate that after a sufficient amount of

travel in subsonic flight, the magnitude of the yaw of the 105mm, KL)

shell should be vIrtually. non te3latcry at oi~t. threep -deg~rees. In

such 4. case, the expectead KD would not equxal K~but 'would also include

the necessary increment due to yaw, i.e., about 10% increase in drag.

Asearch for such evidence in the present firing tables of the shell

revealed nothing conclusive.

It was found from the- Firin--Records that the mean of the times of

flight for 22 rounds fired at an average muzzle velocity of 884.6 r~t/sec

at an elevation angle of 4501' was 36.8 seconds with a standard. deviation

"of 0.2 second for a range of 6539 yards. Using the same initial con-

ditions and the same range, the time of flight for a zero-7yav trajectory

(KD =".0477) should be 36.5 seconds.4 The unmodified rounds in this
0

report show an average first yaw maximum of 1.9 degrees or a mean squared

yaw of two squared degrees at the muzzle. Using this yaw level as an

initial condition and applying the dynamic properties as determined in>

this report, i,,e.-, the shell will reach an equilibrium yaw of 3 square

degrees, the' time of flight to 6539 yards is 37.3 seconds.* The differ-.

ence between these predicted times of flight is not large enouigh, rela-

tieto the standard deviation of 0.2.second obtained for t1he measured

times of flighty to either verify or refute the dynamic predictions of
this report.

EMMf T. ROECKE

Ia firings where large angles of elevation are used, yaws (or ad-.
ditional yawrn),occur near the summit. The dynamic properties of this
report predict that the shell will reach three dlegrees circular yaw.
long before the sumwilt. Consequently, near the summit the yaw may ;
increase to about six degrees. According to the dynamic properties,
ths six degrees of yaw should decrease to three degrees in about

1000 yards. The resulting increase in time of flight, due to tho ad-
ditiona]. three degrees of yaw at the summit, would be about.0.1 second.

13
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APPUDHX A: TABLES OF DATA

TABLE 1

Average Physical Measurements

105MM M1

S lM A 2 B ddC.M. (in.
Sel(lb.) (lb -in' (lb - in) (in.) (in.,) from base)

A. undercut 32.92 79.13. 741.8 4.095 19.365 7.11

B. unmodified 33.06 79.5 773 4.126 19.412 7.22

C. with M73 fuze 33.0 79-39 781.4. 4.127 19.419 7.193

D. with M51A5 fuze 33.0 79.70 752.0 4'.129 19.394 7.114

16
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TABLE 2

Aerodynamic Coefficients

105•M4 M1

R. . 82 ,eg) 2

(calibers
from nose)

1964 • 479 .7 .0490 .. ......
1963 .48o 4.8 .0516 1.43 .57 .70 --. 4 .29
1432 .•496 23.4 .0638 1.144 .63 .91 1.7 -.- 02

.31 ..505 21.9 .0630 1.44 .62 .90 1.1 .03
1962 .530 2.6 .0525 -- - .-- --
1430 .546 3.o .0504 1,48 --.. 3.8*, .1*
1961 .550 6.2 .0533 1.43 .60 .82 3.8 .o0
1959 .584 4.0 .0496 1.47 .67 .97 1.3 .20
1960 .591 7.7 .0534 i.147 .68 1.o0 .5 .14
1359 .607 13.8 .0588 1.42 .72 1.17 1.4 .02
1958 .623 2.1 .0o490 1.52 .... .. - --
1957 .623 2#11 .0483 1.51 .... 4.7* .17*
1358 .634 7.9 .0565 1.49 .65 .90 1.7 .08
1955 .672 1.9 .0562 1.49 .61, .78 2.1 .o8
1956 .680 2.3 .0476 -- -.. 4.6* .17*
1357 .684 4.9 .0542 1.51 .53 .42 2.1 .10
1356 .716 1.3 .0499 -- -- -- --
1321 .745 20;3 .0610 1.554 .61 •70 1.8 -. 03
1314 .808 13.1 .0576 1.54 .60 .64 1.1 .07

4185 .862 .8 .o0512 -- - -- - --
1474 .864 3.5 .o496 1.58 -- 4.4* ,.05* !
1476 .865 1.0 .0o487 1.63 -- --. --
11475 .867 2.4 0o5o1 1.6o 4-.6* .21*
1477 .869 4.6 .0516 1.59 -- -- 14.5* -. i*
11478 .870 2.8 .0522 1.59 .... 5.2* -. 05*
1481 .879 2.7 .0475 1.58 4-- -- 1.5* .07*
1482 .886 2.0 .0509 1.52 -- -- 4.4* .08*
1319 .901 U.7 .0646 1.72 .56 .22 3.0 -. 10
1310 .915 20.8 .0678 1.68 .54 .23 2.9 -. 16
1309 .928 3.8 .0o6 1.77 -- -- 6.3* -. 17*
1313 .941 9.9 .0743 I.8o .80 3.2* -. 25*
1300. 94411 2.0 .o696, 1.87 ... -

1320 .944 .8 o0784 i.97 .... ... -

1308 .963 3.5 .0880 1.74 -- 6.3A -. 19*

1 KL estimated from Graph 3.

17



'IV

-TALE 2 (CO2ID)

Rd. No. m 82deg)2 K-, Y.1 K, 0P x K
(calibers

1299 .910 1.1 .0901 -- " .......
12Y9 .970 1.3 .0852 1.72 -- ,
1.3o7 .989 U..7 .1303 1.69 .81 1.20 4"-.4 )).8
1306 1.o18 7.7 .1595 1.6o .71 1.i6 4.8 r -. 18
1315 1.051 8.7 .1655 1.56 .62 .99 3.7 -.. i
13,6 1.112 8.7 .1734 1.554 .'65 1.12 3.2 -. 67
1317 1.164' 5.3 .1667 1.57 .69 1.16 3.6 -. o07
1318 1.221 15.1 .1725 1.56 .74 1.28 4.0 -. 06ý,

3191** .790 1.7 .0488 1.68 .70 .71 2•.9 .11 ,
i 3192 .762 .4 .o66 .-- -- -- -, "

3193 .693 .5 .1.93 - - - -

5194 .701 .6 .o4 8 ..--....
3196 .787 1 -: o405.9 1.56
3191 .813 1.4 .0455 .... ......
3199 .6412 41.4I .0503 1.55 .-73 97 3.7 .06
0 ,,.519 . 3.6 .0504 1.19 .71 .99 2.4 .14

320 .627 2.2 .0473 i. 61 .62 .56 5.0 .26
5201 .828 1.0 .0467 -- -- -- --
5206 .847- 2.5 .. 6 1.65 .541 .11 4.2 -. 02

Ave•age Standar Error

ii

'I Vt

i .oooh. .o0 .o .6 .,oh,4

Rounds 3191 -5206 have not be'en undercut.

18
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// TABLE 3

Yaw and Swerve Data

105MM N!

Rd. No. Y-0 (RI) sj s )u103 ).ex1O3  N r(rad) (rad) (ft) (ft)-I (ft),-! ,

1964 .007 .012 .01 ....-- -- .19- 6
1963 .021 .031 .05 2.59 -12. .59 -. 52 19 6
1432 .060 .059 .11 2e.96 .83 .32 .18 19 9
1431 .o64 .051 .10 2.98 .59 .29 .08 19 6
1962 .012 .020 .03 - .. .. .- -- j19 10
1430 .021 '.021 .03 2,75 -- .87 -. 17 2 G0 . 9
1961 .028 .032 ,.06 2.58 .31 .91 .07 19 7
1959 .017 .030 .05 2.50 -. 91 .79 -. 33 19,,• 9
1960 .027 .o4o .07 2.53 -. 58 .43 -. 14 . 24 1o
1359 .052 .o4l1 .08 2.74 .67 .34 .14 25 8
1958 .010 .022 .03 2.44 -- . . -- 22 8
1957 .013 .021 .03 2.44 -- 1.55 -. 31 23 7
1358 .031 .038 .07 2.77 .10 .54 -. 04 25 8
1955 .022 .031 .05 2.48 .05 .68 -. 07 23 7
1956 .024 .019 .03 2.42 -- 1.53 -. 39 21 7
1357 .021 .032 .05 2.74 -. 16 .67 -. 12 22 9
1356 .O3 .1o6 .o2 --. .. . -- -- 10 5
1321 .057 .054 .09 2.74 :8, .30 .22 18 9
1314 .043 .047 .07 2.62 .. .38 -. 01 0 ' 8
1485 -008 .013 .01 -- --. -- " 22 10
1474 .024 -0-23 .03 2.69 -- .181 .18" 20'. 81
1476 .011 -. 013 .02 2.56 -- ... -- 20 6
1475 .018 .020 o ,•03 2.69 -- 1.47 -. 43 19 8
1477 .029 026 .•Io3 2.68 -- .72 .32 19 8.
1478 .018 .023 .03 2.70 -- 1.01 .15 20 9"
11481 .017 .023 .02,; 2.54 .. 1.19 -. 11 24 7
1482 .016 .018 .02 2.57 ,- 1.18 -. 13 24 7
1319 .043 .041 .o4 2.25 .91 .43 .32 20 .1.0
1310 .063, .048 .05 2.34 1.24 .24 .46 21 1o
1309 .05 -023 .01 2.18 -- .99 .38 22 ' 10
1313 .644 .033 .03 2'.19 . . .09 .69 21 10,.,
1300 ?01 .019 .02 2. 04 . 24 10
1320 03A. o01 .01 .05 -- 18 10
:1308..002 .023 .03 2.30 -- .96 .44 22 10
1299 .007 .015, .0o1 -- .. ..... ..24 11
1298 .010 .016 .02 2.19 .... .. 21 7
1307 .043 .040o .07 2.57 1.02. .53 .57 24 10
1306 .035 .032 .05 2.58 .o93 -64 •.51 `'2 9

"919
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TABLE 3 (cOuT'D)

Rd. No. "2  (R2) X 10 "-2 D NVT
L .1

(rad) (rad) (ft- ( -

1315 .035 .037 .05 '2.62 .83 .55 .36 22 10
1316 , .035 .037 .06 2.71 .76 .•54 .28 21 10
13W7 .025 .031 .05 2.68, ,71 .64 .29 15,, 7
1318 .046 .049 .09 2.69 .63 .58 .31 15 8

3191** .015 .016 .05 2.58 -. 19 .94 -. 19 16 9
3192 .005 .010 .01' .. ...... 22 11
3193 .009 .005 .03 .. ...... 19 9
3 1 9 4 . 0 0 7 . 0 1 1 . 0 2 ..... 1 5 8
3196 .012 .013 .02 , 2.46 ...... 20 ii
3 1 9 7 . 0 0 0 . 0 2 1 .0 1 - - . .. .. . 2 1 1 0
3199 .029 .020 .06 2.73 .19 •94 -. 01 20 10
3202 .018 .027 .08 2.71 -. 22 .83 -. 18 13 9
3203 .015 .020. .05 2.65 -. 86 1.28 -. 5]. 20 12
3204 ' .005 .017 .03 .. ...... 20 10
3206 .o14 .023 .0o 2.52 .39 .92 .09 '19 12

Average Yawing Rates' Average Standard Error
e x j63  x 103

b b2
-1 1X

4.95 deg/ft .62 deg/ft .09 (ft)-:] .08 (ft)

•Yaw 6Swerve
.002 red .009 ft

I'

Rounds 3191 - 5206 h"ve not been undercut.
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